M odel analyses have produced varying estimates of infection transmission during sex between men during different stages of HIV infection-primary, asymptomatic, and late stages. Earlier studies showed that transmissions during primary HIV infection play a disproportionately large role during the initial period of an epidemic 1 and also when HIV is endemic, under certain assumptions of population structure. 2 On the other hand, model fitting to the San Francisco City Clinic Cohort data produced the highest transmission rate during the late stage. 3 These inferences are all based on model analyses using simplifying assumptions, and might be changed by realistic relaxation of those assumptions. Various assumptions of concern in this regard are (1) that contacts are instantaneous events in thoroughly mixed populations rather than events during ongoing and dynamically changing partnerships, (2) that risk behaviors are fixed across time rather than being subject to fluctuations and cohort effects, (3) that each individual plays both insertive and receptive roles, and (4) that high-risk sex acts and partnerships in which those sex acts occur are not clustered temporally or socially. We address the first issue here, using a simple model form with abstract parameterization to explore how the duration and concurrency of partnerships might affect inferences about transmissibility.
Analyses of transmissions during primary HIV infection as a function of partnership duration have been performed previously by Xiridou et al 4 and Kretzschmar et al. 5 They, however, did not consider the effects of long-term, concurrent partnerships on such transmissions. We examine how the endemic prevalence and the fraction of transmissions during primary HIV infection at equilibrium are influenced by the duration and the concurrency of sexual partnerships, using a discrete individual-based model.
METHODS

Compartmental Flows
The natural history of HIV infection is modeled with 3 stages-primary (P), asymptomatic (A), and late (L) stages of infection. We will refer to both the asymptomatic and late stages as postprimary HIV infection stage. Compartmental flows are shown in Figure 1 . The leftmost arrow indicates new susceptible men entering into the sexually active population. Vertical arrows indicate that men become sexually inactive at the same probability independent of infection category. There is a balance between these 2 flows in a way that the expected population size remains constant in the absence of HIV transmissions. The other horizontal arrows represent infection and stage progression, with the final arrow being death from AIDS. Men may have 0, 1, or multiple partners at any point in time. Parameters and their values explored appear in the Table. 6, 7 
Probability of Infection
If a susceptible man has n infected partners on a certain day, then the probability the susceptible person becomes infected on that day is
Here, k is the transmission probability per sex act for the kth infected partner and is determined by the stage of infection (ie, k ϭ ␤ 1 , ␤ 2 , ␤ 3 ). X k is the frequency of sex acts per day in the partnership between the susceptible and the kth infected partner. This is a Poisson random variable with parameter c, which is the mean frequency of sex acts per partnership per day.
Model Simulation
A simulation starts with a susceptible population of size N 0 of which 1% is randomly chosen as initially infected with primary HIV infection. Total run time was 100,000 days.
The following events occur at each day:
1. New partnerships are formed until the number of partnerships in the population reaches the target number, 0.5 nN t , where n is the target mean degree. N t is the number of men at day t. 2. Susceptible men are infected with probability described previously. 3. Infected men progress from stage i to the next with probability ␥ i for i ϭ 1, 2. 4. Men with late HIV infection die with probability ␥ 3 .
Partnerships involving dead persons dissolve.
Men leave the sexually active population with probability
. Partnerships involving removed persons dissolve. 6. Partnerships dissolve with probability . 7. A susceptible man is recruited with probability . This is repeated for N 0 times.
Partnership Formation
Partnerships are formed as follows:
1. Two men are chosen uniformly at random. 2. If 2 men are both single, then they will become partners.
3. If at least one of them is not single, then they will become partners with probability . 4. The above procedure is repeated until the target number of partnerships is reached.
The distribution of the number of partners per person is controlled by parameter 0 Յ Յ 1, which has previously Table 1 . Probability of infection (in the arrow from S to P) is explained in Methods section. The ratio of partnership formation probabilities comparing a partnership between 2 individuals of whom at least one is not single to a partnership between 2 single individuals 1/9120
Probability an individual leaves the sexually active population per day N 0.9, 1, 1.5, 3, 5 Population-averaged no. partners per person been used by other researchers. 8 If ϭ 1, the current partnership status does not affect the probability of gaining a new partner. Since partnership dissolution also occurs randomly, the distribution of the number of partners per person follows a Poisson distribution in the limit of large population size. If ϭ 0, no man may have more than 1 partner. That is, provides a transition from serial monogamy to Poisson random partnerships.
Partnership Dissolution
Each partnership dissolves with probability per day. There are 2 other ways in which partnerships dissolve; when one's partner dies from AIDS or the partner leaves the sexually active population. Ignoring deaths from AIDS gives roughly 1/( ϩ 2 ) days of partnerships for Յ0.1 (parameter values are given in the Table) , which we use to indicate average partnership duration. Note we need a factor of 2 for to compute partnership duration because there are 2 persons in a partnership with each person leaving the population (and dissolving the partnership) at probability per day. If ϭ 1, every partnership lasts only one day. Applying a fixed probability of dissolution per day leads that partnership duration is geometrically distributed, where partnerships with a very short duration always comprise a substantial fraction even when average duration is very long. Our inferences do not change qualitatively even when we apply gamma-distributed partnership duration (eFigure, http://links.lww.com/EDE/A403).
RESULTS
We first show the typical time series of a simulation run of our model. We then present 3 analyses to assess the effects of concurrency and duration of partnerships on the endemic prevalence and fraction of transmissions during primary HIV infection at equilibrium. In Analysis 1, we vary partnership duration at a given mean degree. In Analysis 2, we vary the mean degree as well as partnership duration. Finally, in Analysis 3, we vary partnership concurrency at a given mean degree, as well as partnership duration. Figure 2A shows the typical time series of a simulation run for the mean degree of 1.5 and average partnership duration of about 820 days. As infections increase, population size decreases because of deaths from AIDS. Regardless of population size, the mean degree remains the same, which is reflected by the decrease in the number of partnerships. As seen in Figure 2B , men infected by an index case with primary HIV infection comprise more than half of all prevalent infections during the first 5 years or so. As the epidemic progresses, however, the proportion of individuals infected by an index case with primary HIV infection decreases because more and more infected men advance to later stages and generate secondary infections.
After 60 years or so, the system reaches a quasiequilibrium, and the variables shown in Figure 2A remain Figure 2C , infection takes longer to reach endemic equilibrium with increasing partnership duration and with decreasing mean degree. Our analyses focus on endemic prevalence and the fraction of transmissions during primary HIV infection at endemic equilibrium. To compute endemic prevalence and the fraction of transmissions during primary HIV infection, we first calculated the time-averaged value over the last 40,000 days (from about 164 to 274 years) and then calculated averages and standard deviations of these time-averaged values from 10 simulation runs. Figure 3A and B present results for a mean degree of 1.5 with a mean frequency of sex acts of 1/3 per partnership per day so that men engage in a sex act on average every other day. As seen in Figure 3A (filled circles), endemic prevalence of HIV infection monotonically decreases with increasing partnership duration.
Analysis 1: Partnership Duration Varies at a Given Mean Degree
The decrease in endemic prevalence with increasing partnership duration arises because in prolonged partnerships, once transmission occurs, infected persons are having sex with someone who is already infected. Thus, fewer sex acts of infected persons are with susceptibles. By contrast, for partnerships with shorter average duration, infected persons are freed from their infectors or their infectees more quickly and meet new partners more often, thereby having a higher chance of having sex with suscep- Unlike the monotonic decrease in endemic prevalence, the fraction of transmissions during primary HIV infection first falls and then rises (open circles in Fig. 3B ). This pattern is associated with the fraction of discordant pairs where the infected individual has primary HIV infection (labeled S-P pairs, filled circles in Fig. 3B ).
One mechanism for the decrease in the fraction of transmissions during primary HIV infection with increasing partnership duration is that an increase in partnership duration reduces the probability that the partnership will dissolve just after transmission has occurred. From the infectee's point of view, this means that newly infected men spend their early period of infection (ie, primary HIV infection) with their infector, which nullifies their infectious sex acts. In addition, from the infector's point of view, men with primary HIV infection infect their susceptible partners faster because of the higher transmission rate during primary HIV infection. Consequently, compared with men with postprimary HIV infection, men with primary HIV infection use up more of their sex acts with their infectees.
The increasing fraction of transmissions during primary HIV infection for partnerships with long average duration (eg, Ͼ1000 days in Fig. 3B ) is understood by considering an extreme case of fixed partnerships. In this case, the fraction of susceptible partners is always smaller for postprimary HIV infection than primary HIV infection. This is because some of initially susceptible partners are infected during the index case's primary HIV infection, but are not replaced with susceptible men, as could happen if partnerships were dynamic. Thus, if all susceptible partners had been infected Partnerships and PHI Transmission during the index case's primary HIV infection, no susceptible partners are left to be infected after the index case has progressed to postprimary HIV infection. This causes the fraction of transmissions during primary HIV infection to be higher in fixed partnerships than in instantaneously changing partnerships, where infected men meet susceptible men randomly, independent of the stage of infection. Our particular case differs from this extreme of fixed partnerships even when partnership dissolution probability is zero (ie, rightmost points in Fig. 3B ) because men who die from AIDS or who leave the population dissolve their partnerships and new susceptible men entering into the population form new partnerships. Therefore, the fraction of transmissions during primary HIV infection does not increase quite as much as in fixed partnerships.
Analysis 2: Mean Degree and Partnership Duration Are Varied Simultaneously
In this analysis, as the mean degree n is varied, mean frequency of sex acts per partnership per day c is also varied to keep constant the mean frequency of sex acts per person per day (n ϫ c).
As seen in Figure 4A , endemic prevalence decreases with increasing partnership duration and is higher for higher mean degree at a given partnership duration. This can be explained from the perspectives of the infector and the infectee. First, note that the increasing mean degree reduces the frequency of sex acts per partnership per day c, and thus also the probability of transmission per partnership per day. Thus, for each S-I pair, the susceptible partner becomes infected more slowly with increasing mean degree and so fewer nontransmitting sex acts occur between the infector and the infectee. In addition, a newly infected individual has a higher chance to transmit infection to a concurrent partner with increasing mean degree.
As seen in Figure 4B , the general pattern of the fraction of transmissions during primary HIV infection-an initial decrease followed by a later increase-is similar for all levels of mean degree. As the mean degree increases, however, the rate of fall of the fraction of transmissions during primary HIV infection with increasing partnership duration is decreased and the inflection point where that fraction begins to rise again is pushed to longer partnership durations with a slower subsequent rise. The highest fraction of transmissions during primary HIV infection is seen when the mean degree is lowest, given partnerships with long average duration. As seen in Figure 4C , the fraction of S-P pairs out of all S-I pairs is associated with the fraction of transmissions during primary HIV infection.
The higher fraction of transmissions during primary HIV infection given a higher mean degree for partnerships with moderate average duration (eg, Յ1000 days) is explained as in the previous case of higher endemic prevalence given a higher mean degree. The reduced probability of transmission per partnership with increasing mean degree slows transmissions and thus reduces the nontransmitting sex acts between the infector and the infectee, which is especially likely during the infectee's primary HIV infection. Also, increasing the mean degree increases the likelihood that a newly infected individual transmits infection to concurrent partners, which is also especially likely during primary HIV infection.
Why then is the fraction of transmissions during primary HIV infection lower for higher mean degree than lower mean degree for partnerships with long average duration (eg, Ͼ1000 days)? We have mentioned that the fraction of susceptible partners will be smaller for postprimary HIV infection than primary HIV infection in fixed partnerships. Note that increasing mean degree increases the frequency of new partnership formation at a given partnership duration. Increased frequency of new partnership formation will decrease the difference in the fraction of susceptible partners between primary HIV infection and postprimary HIV infection since new partners are distributed randomly over the stage of infection.
Analysis 3: Partnership Concurrency and Partnership Duration Are Varied Simultaneously
In this case, we vary partnership concurrency from monogamy at one extreme to Poisson random partnerships in the previous analyses at the other extreme, while keeping the mean degree constant. Because the maximum mean degree is 1 in monogamy, we set the mean degree at 0.9. Figure 5 shows the distribution of number of partners per person at 4 levels of . If ϭ 0, then there are only 2 groups: single persons and those with 1 partner. As is increased from 0 to 1, the fraction of men with concurrent partners increases. For Partnerships and PHI Transmission this reason, partnership concurrency increases with increasing at a given mean degree. Note that, unlike varying mean degree in Analysis 2, varying does not alter the mean frequency of sex acts per partnership per day. As Figure 6A illustrates, the endemic prevalence at a given partnership duration is higher for higher while decreasing with increasing partnership duration. A similar phenomenon has previously been described. 8 -10 This pattern arises primarily because the number of persons connected in the network at any point in time (ie, the size of the largest component) is higher for higher . From the infectee's point of view, increasing (ie, the fraction of population with concurrent partners) increases the chance that infectees transmit infection while being connected to their infector, whereas infectees can not transmit infection until they form new partnerships when ϭ 0 (ie, serial monogamy).
As seen in Figure 6B , the fraction of transmissions during primary HIV infection is higher for higher for partnerships with moderate average duration (eg, Յ1000 days), whereas it has the opposite pattern for partnerships with longer average duration. The general pattern-an initial decrease followed by a later increase-is similar for all levels of . The lines are truncated for ϭ 0 and 0.3 because infection dies out for partnerships that are longer than 1000 days. As seen in Figure 6C , the fraction of S-P pairs out of all S-I pairs is associated with the fraction of transmissions during primary HIV infection.
From the infectee's point of view, increasing increases the chance that an infectee transmits infection to concurrent partners. As was the case in Analysis 2, transmission of a newly acquired infection from an infected concurrent partner to a susceptible concurrent partner is especially likely during primary HIV infection. Accordingly, the fraction of transmissions during primary HIV infection is higher for higher for partnerships with moderate average duration.
On the other hand, the fraction of transmissions during primary HIV infection is higher for ϭ 0.7 than for ϭ 1 for partnerships with long average duration (eg, Ͼ1000 days in Fig. 6B ). This is similar to what is shown in Analysis 2; that is, the fraction of transmissions during primary HIV infection is higher for lower mean degree of partnerships than for higher mean degree for partnerships if average partnerships duration is long. A higher means a higher frequency of partnership formation for men with partners. As was the case in Analysis 2, new partnership formation counteracts the lower fraction of susceptible partners for postprimary HIV infection than primary HIV infection for partnerships with long average duration because new partners are distributed randomly over the stage of infection.
DISCUSSION
We have shown how the endemic prevalence and the fraction of transmissions during primary HIV infection at equilibrium are influenced by the duration and concurrency of sexual partnerships. These influences are strong enough that any assessments of potential effects of control programs that affect primary HIV infection and postprimary HIV infection differentially should consider them. Thus, models assuming instantaneous partnerships 2, 3, 11 are inadequate for estimating the fraction of transmissions by stage of infection.
The homogeneous population model generated fractions of transmissions during primary HIV infection that varied from around 2% to around 42%, depending on the duration and the concurrency of partnerships. The estimate of 42%, higher than other previous modeling studies, 3, [11] [12] [13] arises because per-act transmission probability during primary HIV infection in our model is higher and because other studies fail to capture the increase in the fraction of transmissions during primary HIV infection in long-term, concurrent partnerships. Similarly, those studies do not capture fractions as low as 2% in long-term, monogamous partnerships.
Numerous modeling studies have shown that infection levels are substantially affected by partnerships with nonzero duration regardless of whether partnerships are serially monogamous 5, 14 or concurrent. 8 -10,15-24 Heterogeneity in methods of forming and dissolving partnerships, which varies the distribution of partnerships across the population, also affects the infection levels and the growth rate of an epidemic. 8 -10,18,25 For infections with variable infectivity over the course of infection (eg, HIV), partnerships with non-zero duration reduce transmissions during the initial period of infection (eg, primary HIV infection).
Here, we show again that the fraction of transmissions during primary HIV infection as well as the overall transmission decreases with increasing partnership duration. In addition, we show that for partnerships with very long duration, the fraction of transmissions during primary HIV infection increases again and can go above the fraction in instantaneous partnerships.
The range of partnership durations and mean degrees explored here can cover a wide variety of populations. For a typical population, it seems reasonable to assume that mean degree is around one, as was measured in African urban city populations. 26 On the other hand, for a specific subpopulation, eg, gay men who go to the same bathhouse and repeatedly encounter the same partners, the mean degree may be quite high. Duration of partnerships can also vary considerably across different populations. Xiridou et al 4, 27 estimated that steady partnerships last 1.5 years on average based on the Amsterdam Cohort Study of young homosexual men in Amsterdam, The Netherlands. Partnerships with longer average durations appear in a population where heterosexual marriage is the norm and divorce is not common. Morris and Kretzschmar 28 estimated that nonspousal and spousal partnerships last on average 2 and 20 years, respectively, based on 1994 Ugandan sexual network survey. Also, according to Zambia Domestic Health Survey, 29 partnerships between men and women last a long time with the divorce rate of 0.015 per year.
Although we model only a one-sex population with one type of partnerships, our model analysis provides insights to transmissions under more complex situations. In the study of The Netherlands population of men who have sex with men, 4 the fraction of transmissions during primary HIV infection was about 6% in steady partnerships and around 35% in casual ones. These findings are consistent with our inference that the fraction of transmission from primary HIV infection decreases as partnership duration increases from instantaneous to several hundred days. Another study on the Zambia epidemic 29 shows that the fraction of transmissions during primary HIV infection increases up to 60% in spousal partnerships, compared with about 30% in nonspousal ones. Those results are also consistent with our inference that the fraction of primary HIV infection transmissions increases again as partnership duration increases from several hundred days to longer than 10 years, given the mean degree is around one.
For the sake of conceptual clarity, we have eliminated real-world population heterogeneities that may affect our inferences. One is population heterogeneity regarding the number of sexual partners. 30 -32 This heterogeneity will affect the fraction of transmissions during primary HIV infection through the partnership duration effects we have illustrated. High-risk behavior with casual partners is another. We have performed model analyses indicating that when high-risk behavior lasts for a relatively short time, the fraction of transmissions during primary HIV infection can rise considerably. The fraction of transmissions during a particular stage of HIV infection is still an open question. The analysis here is focused only on understanding the mechanisms through which the concurrency and duration of partnerships affect transmissions during primary HIV infection risk. Our results can help guide the choice of model details in the more thorough and realistic modeling needed to assess how much transmission occurs from primary HIV infection under different conditions. It is important that models assessing the effects of control programs get the role of transmissions during primary HIV infection right, because programs that depend upon identifying HIV-positive persons and slowing transmission from them are likely to have little or no effect on transmissions during primary HIV infection. Our analysis shows that realistic assessment of potential interventions with transmission-system model analyses must employ models that capture the effects of concurrency in ongoing but dynamic partnerships. Models assuming instantaneous or fixed partnerships are likely to overestimate the role of transmissions during primary HIV infection if average partnership duration falls in between those 2 extremes and the concurrency of partnerships is low in the population.
